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ABSTRACT
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A unique, non-invasive diagnostic technique for characterizing two-dimensional thermal fields generated during the 
combustion of nanothermites was developed. Temperature resolved thermal images of the reactions were obtained 
using infrared imaging coupled with multiwavelength pyrometry. Thermal images of fuel rich aluminum/copper 
oxide (Al/CuO) and aluminum/ polytetrafluoroethylene (Al/PTFE) mixtures embedded with different additives were 
analyzed and the principal factors affecting the spatial distribution of temperature during their combustion were 
identified. Results showed two distinct temperature zones during combustion: a hot zone surrounding the point of 
ignition, where the highest temperatures were recorded followed by a lower temperature region called the 
intermediate zone. Temperatures are plotted as a function of distance from the point of ignition such that inflection 
points distinguishing temperature gradients provide an indication of the range of the thermal influence. Gas 
generation and heat of combustion are principal factors affecting temperature fields: greater gas generation in 
addition to condensed phase products promotes higher temperatures in the far field. Results also indicate that faster 
reactions attain higher temperatures and more extensive temperature fields. This observation is attributed to greater 
momentum of the gas and condensed phase products projected from the hot zone that shift the inflection point farther. 
These results show that multiphase convection is a governing mechanism promoting thermal energy distributions.
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Abstract : A unique, non-invasive diagnostic technique for 
characterizing two-dimensional thermal fields generated 
during the combustion of nanothermites was developed. 
Temperature resolved thermal images of the reactions were 
obtained using infrared imaging coupled with multiwave
length pyrometry. Thermal images of fuel rich aluminum/ 
copper oxide (AI!CuO) and aluminum/polytetrafluoroethy
lene (AI/PTFE) mixtures embedded with different additives 
were analyzed and the principal factors affecting the spatial 
distribution of temperature during their combustion were 
identified. Results showed two distinct temperature zones 
during combustion: a hot zone surrounding the point of ig
nition, where the highest temperatures were recorded fol
lowed by a lower temperature region called the intermedi-

ate zone. Temperatu res are plotted as a function of dis
ta nce from the point of ignition such that inflection points 
distinguishing temperature gradients provide an indication 
of the range of the thermal influence. Gas generation and 
heat of combustion are principal factors affecting tempera
ture fields: greater gas generation in addition to condensed 
phase products promotes higher temperatures in the far 
field. Results also indicate that faster reactions attain higher 
temperatures and more extensive temperature fields. This 
observation is attributed to greater momentum of the gas 
and condensed phase products projected from the hot 
zone that shift the inflection point farther. These results 
show that multiphase convection is a governing mecha
nism promoting thermal energy distributions. 

Keywords: Thermites · Nanoparticle combustion • Aluminum · Infrared thermometry • Non-ideal explosives 

1 Introduction 

This last century saw a push towards understanding and 
developing energetic materials, with some emphasis to 
their application in the ordnance sector. Particular charac
teristics of interest are ignition sensitivity, energy release 
rate and reaction temperatu re of candidate formulations. 
As demand propelled towards faster and more energy 
dense materials, effort focused on increasing the impulsive 
loading and thermal extent of energetic formulations, in
cluding pyrotechnics, explosives, and propellants. One ap
proach was to add particulate media to conventional high 
explosives resulting in heterogeneous explosives. The par
ticulate additives introduced into the explosive charges 
may participate in the combustion reaction [1 - 5] or remain 
unreactive [6, 7] . Upon ignition heterogeneous explosives 
give rise to an outward moving blast wave that attenuates 
due to the effects of spreading; simultaneously, solid parti
cles pick up momentum from the combustion gases and 
propagate in the blast wave [8] . The solid particles in the 
blast wave contribute to heat transfer from the reaction 
and increase the far-field temperatures [9] . 

When reactive particles like metals are added to the ex
plosive charge, the particle size can impact the formulation 
performance. Fine particles react rapidly but limit the 
degree of reaction due to insufficient oxidizers in the explo
sive system. On the other hand, large particles may not 
ignite if the explosive residence t imes are too short, al-

though these particles are dispersed widely following ther
mal initiation of the charge [9]. So, there exists a critical 
particle size that can be added to a high explosive charge 
in order to optimize thermal effects from the blast wave. 
Yet, there are many parameters that control this optimiza
tion that are coupled such as gas generation, stoichiometry, 
calorific output, and reaction rate. The mechanisms pro
moting energy dispersion are a function of these parame
ters. The challenge is to tailor reactants toward specific re
action outputs but monomolecular explosives have limited 
tailorability. What is needed is a better understanding of 
the influence of the different parameters on energy disper
sion during reaction and to exploit these parameters, but 
that is not easily achieved when using homogeneous mon
omolecular explosives with our without additives. 
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With the advent of nanotechnology, a new genre of reac-
tive energetic materials known as nanothermites, nanoe-
nergetics [10], metastable intermolecular composites (MICs)
[11], superthermites [12], and pyrolants [13] have been
gaining popularity in ordnance applications [14]. All of
these names describe a class of composite materials (nano-
thermite) comprised of a metallic fuel and organic or metal-
lic oxidizer and will be referred to as nanothermites hence
forth. The most common fuel used is aluminum (Al) due to
its high heat of combustion in an oxygen environment (ca.
32 kJ g�1) [8] . The significance of using nano Al instead of
mm-sized Al is that a reduction in the size results in an in-
crease in the ignition sensitivity and reaction rates by sever-
al magnitudes [15, 16]. There is no profound thermodynam-
ic advantage in using nanomaterials ; however, whereas mi-
crometer size energetic formulations are harder to initiate
and slower to propagate, nanoparticles require less ignition
energy and are more dispersive (e.g. , because of the lighter
individual particles). These attributes have spurred new in-
terest in developing nanoparticle reactive materials, which
may achieve tailorability and performance surpassing ho-
mogeneous explosives. This is be evidenced by their varied
and diverse applications [17–24].

Despite the widespread nanothermite research, surpris-
ingly little is reported on actual measurements of flame
temperature and even less on temperature fields generated
during combustion. Harnessing the thermal energy from
these reactions is fundamentally important for any energy
generation application and knowledge of the temperature
fields generated gives insight into the thermal effects, parti-
cle dynamics and combustion processes involved. Addition-
ally, selecting a reactant formulation tailored toward en-
hanced temperature distributions would require an under-
standing of the mechanisms that propagate energy during
a nanothermite reaction.

A review of the recent work in nanothermite temperature
measurement techniques and advances is provided in Ref.
[25]. Optical pyrometry has become the preferred tool in
measuring high temperatures generated during nanother-
mite combustion. This technique uses continuous spectra
emitted by the condensed reaction products to determine
their temperature. In addition, infrared (IR) thermometry has
been used to measure temperatures in the highly evolving,
harsh environment of combustion reactions [9,26]. Although
there is a balance between the resolution of the temperature
field and the area that can be monitored by the camera,
with the development of advanced diagnostics for IR radio-
metry like high resolution high-speed IR cameras, this tech-
nique has become one of the favored noninvasive measure-
ment methods. However, one of the major drawbacks of IR
thermometry is that calculations of temperature require an
estimation of emissivity, which can be complex within the
multi-phase, multi-component, highly turbulent fluid fields of
a reaction. Thus, IR thermometry is a useful temperature
measurement technique only if there is a good estimate of
the emissivity associated with the reacting media [27].

Apart from experimentally obtained data, thermoequili-
brium modeling software such as REAL or CHEETAH predict
the temperatures generated during nanothermite combus-
tion [28]. The models are limited by equilibrium assump-
tions under either a constant pressure or volume condition
with no energy loss and are not representative of high
heating rates associated with in-situ combustion or consid-
er the extent of reaction completion which can be correlat-
ed to particle size of the reactants as well as other reactant
properties. However, the models are useful and provide
a qualitative comparison between candidate formulations
for a particular application.

In order to understand the complex thermal effects of
nanothermites during their combustion, a unique diagnos-
tic approach was recently developed that measures the
temperature fields from nanothermite reactions [25]. Point
source temperature measurements of a reaction are ob-
tained from a five channel multi wavelength radiometer
and coupled with thermal images from an IR camera to cal-
culate the thermal emissivity of aluminum (Al) and polyte-
trafluoroethylene (PTFE) reaction and thus determine its
two-dimensional (2D) temperature field. The objective of
this study is to utilize this new diagnostics technique to
measure the temperature field generated for two different
nanothermite reactions: one composed of Al and PTFE;
and the other composed of Al and copper oxide (CuO).
These base reactions differ significantly in their gas genera-
tion behaviors that contribute toward affecting far field
temperatures. In addition to these base formulations, metal
and metal oxide nanoparticles were incorporated as addi-
tives to alter the temperature fields either through produc-
ing additional condensed phase products or through sec-
ondary reactions. The reactions are also modeled using
REAL in order to obtain an estimate of their heats of com-
bustion and percent of gas generated on combustion. Pos-
sible correlations existing between temperature fields and
parameters such as additive, heat of combustion, and gas
generation are examined.

2 Experimental

Aluminum with an average particle diameter of 80 nm en-
capsulated in an Al2O3 shell (of average thickness 2.7 nm)
was used as the fuel. Polytetrafluoroethylene (PTFE) and
copper oxide (CuO) were used as oxidizers, and combined
with Al to yield Al/PTFE and Al/CuO, respectively. The two
oxidizers were selected for their distinctive characteristics :
Al/PTFE generates a lot of gas phase products, while Al/
CuO generates comparatively less gas and more condensed
phase products. Different metals and metal oxides were
added to the base nanothermite in order to determine the
additives’ influence on the temperature fields generated.
Table 1 provides details of all the materials (additives, fuel,
oxidizers).
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During sample preparation, the equivalence ratio (ER) of
Al/PTFE and Al/CuO was maintained at 1.4 and 1.1, respec-
tively. The weight percentages of the reactants used to ach-
ieve these ERs are shown in Table 2. The detailed nanother-
mite synthesis technique is given elsewhere [25] and is
summarized herein. Reactant powders were combined with
hexanes and sonicated for 60 s to produce improved ho-
mogeneity. The suspension was transferred into a Pyrex
dish under a fume hood to evaporate the hexane. The
dried powders were reclaimed for further experimentation.

Copper oxide (CuO), manganese oxide (MnO2), molybde-
num trioxide (MoO3), and tungsten trioxide (WO3) were
added to Al/PTFE at 10 % weight of the nanothermite
sample. They were added to Al/PTFE to study the effects of
additives altering the gas generation and temperature
fields. Similarly, in order to study the temperature fields al-
tered due to presence of different kinds of fuels as addi-
tives, boron (B), iron (Fe), magnesium (Mg), manganese
(Mn), and titanium (Ti) nanoparticles were added to Al/CuO
at 10 % by weight of the nanothermite sample. The nano-
thermites with the additives will be referred to using the
nomenclature “fuel/oxidizer/additive” henceforth. For exam-
ple, Al/CuO containing 10 % by weight of Mg will be re-
ferred to as Al/CuO/Mg.

Experiments were conducted to determine the tempera-
ture fields during a reaction. Phase I consisted of obtaining
point source temperatures of unconfined reactions using
a five channel radiometer. Phase II involved thermal imag-
ing of the reactions in a 3.5 cm � 8 cm field of interest,
using a 14-bit, high speed midwave (3–5 mm) IR camera
with an indium antimonide (In-Sb) detector (FLIR Systems).
Phase III focused on coupling the radiometer data with the
thermal imaging data using an infrared (IR) camera to re-

solve a spatial and temporal distribution of temperature
during the reaction. Detailed description of the apparatus
and procedure used to determine the temperature field is
given elsewhere and summarized below [25]. In addition to
these experiments, the reactions were modeled as open
systems at constant atmospheric pressure, using REAL,
a thermal equilibrium software package, to aid in under-
standing underlying mechanisms associated with experi-
mental observations.

2.1 Phase I: Radiometer Experiments

Figure 1 shows the setup for the temperature measure-
ment experiments using the radiometer. The sample was
placed on a pedestal, surrounded by thermal shields for
safety. A five-channel radiometer was used for point source
temperature measurements. On ignition by nichrome wire,
the five photodetectors in the radiometer detect light from
the thermal event. Table 3 shows the central wavelength
and the band widths of the five photodetectors of the ra-
diometer. Ratios of the signals from the photodetectors
were taken, which when combined with the calibration
data, were used to find ten temperature profiles of the
thermal event from the reaction as a function of time. The
temperatures from the ten profiles, averaged, for each
point of time were considered to be the temperature as
a function of time. Based on the theory of pyrometry, the
radiometer calculates temperature proportional to the in-
tensity of the irradiation detected by it. In order to deter-
mine the maximum temperature during the nanothermite
reaction, the time frame at which the radiometer detected
the maximum light intensity from the combustion reaction
was identified. The average temperature corresponding to
this intensity at that time was denoted as the maximum
temperature (Tmax) of the nanothermite reaction.

Seven tests were conducted for each sample to monitor
repeatability. During experimentation, care was taken to
reduce thermal emission and reflection from all the surfa-
ces of the apparatus. The shields and the pedestal were
painted black. The experimental setup was also isolated

Table 1. Material details including supplier and average particle diameter.

Material Supplier Average particle diameter

Aluminum (Al) Novacentrix 80 nm
Polytetrafluoroethylene (PTFE) Dupont 200 nm
Copper(II) oxide (CuO) Sigma Aldrich 50 nm
Manganese(IV) oxide (MnO2) Alfa Aesar 44 mm
Molybdenum(VI) trioxide (MoO3) Nanostructured and Amorphous Materials, Inc. 370 nm
Tungsten(VI) trioxide (WO3) Nanomat, Inc. 50 nm
Boron (B) Alfa Aesar 20 nm
Iron (Fe) Alfa Aesar 30 nm
Magnesium (Mg) Alfa Aesar 44 mm
Manganese (Mn) Alfa Aesar 40 nm
Titanium (Ti) Sigma Aldrich 44 mm

Table 2. Weight percentages of the reactants and the correspond-
ing equivalence ratios used to synthesize nanothermites.

Nanothermite ER Al [% weight] Oxidizer [% weight]

Al/CuO 1.1 24.90 75.10
Al/PTFE 1.4 39.86 60.14
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from sources of thermal radiation and stray light that can
decrease the signal-to-noise ratio.

2.2 Phase II : IR Imaging

Figure 1 also shows the schematic of the apparatus used
for obtaining thermal images of the reaction. The sample
was placed over a nichrome wire attached to an acrylic
plate that was painted black. The plate was placed in
a volume formed by four transparent shields. The IR
camera was placed at a distance of 68 cm from the sample.
The location of the camera remained constant throughout
the duration of the experiments. The IR camera records at
a sample rate of 402 Hz with an integration time of 0.28 ms.
A Mikron M300 blackbody with an effective emissivity of
+ 0.995, temperature range of 200–1150 8C, and an accura-
cy of 0.25 % of the reading �1 K was used to calibrate the
IR camera. Light emitted by the sample on its ignition was
intercepted by the camera in the form of analog/digital
(AD) count. This data was converted into thermal radiance
values (R) by the IR camera software and imaged by com-
paring it to the blackbody calibration. It was assumed that

thermal radiation absorption from the environment was
negligible and did not interfere with the thermal imaging.

2.3 Phase III : Coupling Pyrometer and IR Data

For each nanothermite, the thermal image with the maxi-
mum amount of radiance was identified. From each of
these identified thermal images, the maximum thermal ra-
diance value and its location were identified. This location
was also the location of the maximum temperature, accord-
ing to the theory of radiometry [25] . Thus, the temperature
of this point was identified as Tmax (measured by the radio-
meter) for the corresponding reaction. Therefore, a thermal
image of the reaction with the maximum temperature
value and its location was obtained at the instant when it
recorded its maximum thermal radiance. However, the tem-
perature values elsewhere in the image were still unknown.
To determine these, the emissivity (e) of the material
needed to be determined at that instant of time when the
reaction reached its maximum temperature (Tmax). This was
computed using Planck’s equation for band emission (with
T = Tmax).

In Equation (1), e is the emissivity of the nanothermite, R
is the radiance measured by the IR camera, c1L and c2 are
the first and second radiation constants respectively. This
e was integrated into a fourth degree polynomial, shown
as Equation (2) obtained from the calibration data of the IR
camera along with the radiance values recorded by it.

Figure 1. Schematic of the radiometer apparatus used for measuring sample temperature.

Table 3. Central wavelength and band width of the five channel
radiometer photodetectors.

Channel number Central wavelength [nm] Band width [nm]

1 900 10
2 1150 10
3 1535 90
4 1982 87
5 2600 35
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Each location in the thermal image recorded at the in-
stant of Tmax has a unique radiance value, which when com-
bined with e using Equation (2), yielded the temperature of
that unique location. Thus, the temperature at each loca-
tion was then calculated and this enabled a 2D mapping of
the temperature field at the time when the maximum tem-
perature was reached by the reacting nanothermite [25] .

The temperatures in the field of interest along a vertical
axis (passing through the point of maximum temperature)

were plotted as a function of dis-
tance away from the point of igni-
tion to obtain the temperature pro-

files of the various reactions. In order to compare the ex-
perimental results obtained with theoretical equilibrium re-
action calculations, the adiabatic flame temperatures (Tad),
heat of combustion, and products generated for the differ-
ent reactions were simulated using REAL code.

One of the primary factors for measuring the tempera-
ture, as enumerated before, is the emissivity of the reacting
nanothermite. The emissivity of a material depends on the
duration of emission, properties of the material emitting,

Figure 2. Thermal images of (A) Al/CuO, (B) Al/CuO/B, (C) Al/CuO/Fe, (D) Al/CuO/Mg, (E) Al/CuO/Mn, and (F) Al/CuO/Ti.
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wavelength of emission and temperature at which the ma-
terial is emitting, among others. During nanothermite syn-
thesis, the reactants were thoroughly mixed such that the
existence of density gradients may be decreased greatly. In
addition, the environment in which the testing took place
was kept free of turbulence inducing mechanisms to
ensure quiescence, thus not leading to the mixing of the
products formed and air. These measures may ensure ho-
mogeneity of the products formed and the possibility of in-
termixing of air and the combustion gases. Also, the tem-
perature fields were estimated for only one thermal image
implying the independence of time and emissivity. Thus,
taking all these factors into consideration, the current study
was based on the assumption that the combustion gas
cloud generated during nanothermite combustion is fairly
homogeneous and does not have emissivity varying signifi-
cantly over the field of view of the camera.

3 Results

Figure 2A–F and Figure 3A–E show thermal images for
Al/CuO and Al/PTFE without and with additives, respective-
ly. Each change in color corresponds to a temperature gra-
dation of 750 K.

The temperature along the vertical axis passing through
the point of ignition as a function of distance is shown for
each corresponding thermal image in Figure 4A,B and Fig-
ure 5A,B. These thermal profiles may be used to assess the
temperature distribution in the field of interest. For exam-
ple, a steeper temperature gradient indicates a quicker loss
of heat to the surroundings.

Maximum reaction temperatures (Tmax) recorded by the
five channel multi wavelength radiometer are given in
Table 4 along with time to reach Tmax. Also included in
Table 4 are simulation results for heats of combustion, Tad

and percent of gas phase products.
The temperature fields generated have two distinct

zones: the hot zone i.e. , where the highest temperatures
are recorded and the intermediate zone, with temperatures

Figure 3. Thermal images of (A) Al/PTFE, (B) Al/PTFE/CuO, (C) Al/PTFE/MnO2, (D) Al/PTFE/MoO3, and (E) Al/PTFE/WO3.
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lower than those recorded in the hot zone but significantly
higher than the room temperature. The temperature pro-
files distinguish these two regions by a sharp change in the
slope; temperatures in the intermediate region decline at
a faster rate compared to those in the hot region. The
points on the temperature profiles in Figure 4 and Figure 5

where the slope shifts from gradual (in the hot region) to
steep (in the intermediate region) is distinctive on all tem-
perature profiles and is defined as the inflection point.
Table 4 shows the vertical distance of the inflection point
from the sample holder, for each nanothermite.

Figure 4. Temperature profiles of (A) Al/CuO/B, Al/CuO/Mg and (B) Al/CuO/Fe, Al/CuO/Mn, Al/CuO/Ti. Temperature profile of AC is provided
in both the plots for reference.

Figure 5. Temperature profiles of (A) Al/PTFE/MnO2, Al/PTFE/MoO3 and (B) Al/PTFE/CuO, Al/PTFE/WO3. Temperature profile of Al/PTFE is
provided in both the plots for reference.

Table 4. Summary of results.

Nanothermite Tmax [K] Tad [K] Heat of
combustion [kJ kg�1]

Product gases
generated [%]

Location of
inflection point
[m]

Time to Tmax

from ignition [ms]

Al/CuO 2234 2987 3786 29 0.0156 2.7
Al/CuO/B 3065 3181 3478 14 0.0562 0.9
Al/CuO/Fe 2450 2923 3441 23 0.0122 5.0
Al/CuO/Mg 3017 3166 3640 26 0.0534 1.7
Al/CuO/Mn 1581 2686 3442 27 0.0212 4.9
Al/CuO/Ti 2464 2703 3442 28 0.0137 3.3
Al/PTFE 2519 3341 7672 86 0.0131 48.1
Al/PTFE/CuO 2458 3022 7394 83 0.0465 64.6
Al/PTFE/MnO2 2072 2715 7544 81 0.0462 61.3
Al/PTFE/MoO3 1991 3047 7425 88 0.0493 113.8
Al/PTFE/WO3 2611 3112 7191 89 0.0484 64.6
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Figure 2 and Table 4 show that the introduction of B and
Mg as additives increases the Tmax of Al/CuO, whereas addi-
tion of Fe and Ti does not change the maximum tempera-
ture significantly. However, Fe and Ti serve to push the in-
flection points farther out as is seen from Figure 4B. Only
the addition of Mn to Al/CuO reduces its maximum tem-
perature and gives lower values of temperature away from
the point of ignition in the temperature field.

Table 4 shows the time taken for each nanothermite to
attain the corresponding Tmax. While the addition of Fe, Mn,
and Ti to Al/CuO increases the time to Tmax, adding B and
Mg reduces it. A point of interest is the location of the tem-
perature profiles of Al/CuO/B and Al/CuO/Mg as well as
their inflection points compared to that of Al/CuO (0.056,
0.053, and 0.015 m, respectively). Since the time taken to
Tmax was much smaller for Al/CuO/B and Al/CuO/Mg than
that of the other nanothermites, the resolution of the IR
camera was not sufficient to obtain the thermal image
when the Al/CuO/B and Al/CuO/Mg attained their respec-
tive Tmax. In order to increase the resolution of the hot zone
while effectively capturing the spatial distribution, the field
of interest was reduced to 3.5 cm � 4 cm and was confined
to 4 cm above ignition since that was the area that had the
location of Tmax and maximum gas contribution as seen in
the initial experiments. This is the reason temperature pro-
files in Figure 4A for Al/CuO/B and Al/CuO/Mg span only
from 0.04 m to 0.08 m.

As seen from Table 4 and Figure 3, the maximum tem-
peratures recorded when MnO2 and MoO3 are introduced
into Al/PTFE (Figure 3C and D) are much lower than those
of Al/PTFE (Figure 3A); whereas addition of WO3 increases
the maximum temperature of the Al/PTFE reaction (Fig-
ure 3B). The thermal images show that almost same tem-
peratures are sustained spatially with WO3 and CuO as ad-
ditives to Al/PTFE compared to Al/PTFE. On the other hand,
thermal images of Al/PTFE/MnO2 and Al/PTFE/MoO3 yield
lower temperatures spatially with respect to Al/PTFE. Fig-
ure 5A,B and Table 4, however, show that the inflection
points for Al/PTFE with oxide additives are located farther
in the field of interest than that of the Al/PTFE reaction
alone. It should also be noted that the time to Tmax for all
the Al/PTFE nanothermites with additives is more than Al/
PTFE reaction alone (see Table 4).

Table 4 shows Tad calculated theoretically. It should be
noted that the reaction mechanisms for the equilibrium
conditions and actual runaway reactions are entirely differ-
ent. Thermoequilibrium conditions, which are employed to
obtain the Tad, imply that the reactions have very slow, con-
trolled heating rate which is not the case with the real-time
nanothermite reactions. Experimentally obtained Tmax

values from the radiometer correspond to nanothermites
with very fast heating rate and non-equilibrium conditions.
Also, Tad is modeled for adiabatic conditions, whereas the
actual experiments are performed in an open environment,
implying that the comparison between Tmax and Tad will not
be very close. Therefore, the Tad of the nanothermites, mod-

eled for equilibrium conditions, may be used as a reference
or guideline in order to understand the different factors
that affect the spatial distribution of temperature.

4 Discussion

4.1 Al/CuO with Metal Additives

More than 80 % of the combustion products of Al/PTFE are
in the gas phase. Correspondingly, the far field tempera-
tures measured in the intermediate region for Al/PTFE are
higher than Al/CuO. These results indicate that an impor-
tant mechanism controlling the location of the inflection
point is convective and the phase of the products. Gas and
condensed phase products at high temperatures, diffusing
away from the point of ignition in the field of interest pro-
mote heat propagation and contribute to an increase in
the far-field temperatures. Therefore, a nanothermite that
generates greater gas phase products may achieve higher
temperatures farther in the field of interest compared to
a reaction that does not generate as much gas: a trend
that was seen when comparing Al/PTFE and Al/CuO ther-
mal images and temperature profiles.

The variation of maximum temperatures and extend of
the temperature fields of the Al/CuO reaction with the ad-
dition of metallic nanoparticles shows that the additives
have a profound effect on the temperature field. The metal-
lic additives participate in the combustion reaction as addi-
tional fuels and react with a solid oxidizer or atmospheric
oxygen, releasing heat. Therefore, metallic additives tend to
increase Tmax in the hot region. The amount of chemical
energy generated depends on the reactivity of the addi-
tives with either of the oxidizers. Table 5 shows heat of
combustion for the metal additives and aluminum with
oxygen and CuO [28] .

Reactions of B and Mg with oxygen and CuO generate
the highest heats of combustion, apart from Al as can be
seen from Table 5. Since temperature is a measure of the
amount of energy present, the same trend is mirrored in
the Tmax values measured from Al/CuO/B and Al/CuO/Mg,
as shown in Table 4. On the other hand, Fe and Mn do not
react with CuO, even at elevated temperatures, but can oxi-
dize in the presence of oxygen. Therefore, Fe and Mn will
need access to atmospheric oxygen which is difficult since

Table 5. Heat of combustion values of selected metals on reaction
with oxygen and CuO.

Metal Heat of combustion on reac-
tion with oxygen [kJ kg�1]

Heat of combustion on reac-
tion with CuO [kJ kg�1]

Al 31023 4071
B 58729 3085
Fe 7373 no reaction
Mg 26087 4606
Mn 8410 no reaction
Ti 19704 3053
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the composite is a mixture of solid reactants. Thus, it is
possible that Fe and Mn may remain condensed phase par-
ticles and act as heat sinks. Both Fe and Mn are light
weight nanoparticles such that they may also disperse in
the combustion cloud and promote an increase in far field
temperatures by propagating heat. Such results have been
observed when unreactive additives are embedded into py-
rotechnic matrices [6, 7] . This may be the reason for de-
creased Tmax but farther inflection points, when Fe and Mn
are added to Al/CuO.

As reported in the results section, the Al/CuO/B and
Al/CuO/Mg reactions reached Tmax much faster than the
other nanothermites (see Table 4). It is also seen that the
heats of combustion of B and Mg with both CuO and at-
mospheric oxygen are much greater than with the other
additives (see Table 5). In addition, during experimentation
the field of interest for Al/CuO/B and Al/CuO/Mg had to be
shifted up (from the ignition point to 4 cm above it), imply-
ing that the combustion products from these reactions
traversed greater distance in a shorter period of time, i.e. ,
they were much faster than the other nanothermites. A
direct consequence is that the fast moving gaseous prod-
ucts improved the far-field temperatures due to their high
momentum before losing their heat to the environment.
Thus Al/CuO/B and Al/CuO/Mg, in addition to having the
maximum Tmax also effectively push their respective inflec-
tion points much further away from the ignition point.
These observations imply that the temperature fields of the
nanothermites may be influenced by the speeds of the re-
actions.

4.2 Al/PTFE with Metal Oxide Additives

Metal oxides when introduced as additives to Al/PTFE com-
pete with the oxidizer and shift the stoichiometry to fuel
lean. This resulted in a general decrease in the Tmax (see
Table 4). However the heat of combustion and the percent
gas are relatively constant such that the metal oxide addi-
tives effectively shift the inflection point to further distan-
ces. Overall, higher gas generation from Al/PTFE aids in dis-
persion of condensed phase products resulting from the
additives and enhances energy propagation in the far-field.

5 Conclusions

A unique method for characterizing the temperature fields
during the combustion of fast moving energetic materials
was developed. Thermal images of Al/PTFE and Al/CuO
with and without additives were obtained at the point of
time when the reactions reach their maximum temperature.
The temperatures were measured using a five channel
multi wavelength radiometer coupled with an IR camera.
Thermal images show two distinct temperature zones:
a hot zone surrounding the point of ignition where the
highest temperatures (Tmax) were recorded and an inter-

mediate zone, with temperatures lower than those seen in
hot zone but much greater than room temperature. Tem-
perature changes along the vertical axis passing through
the point of highest temperature were plotted as a function
of distance from the point of ignition such that inflection
points identifying temperature gradients can be measured
to provide an indication of the range of the thermal influ-
ence of the reaction.

For Al/CuO, additives with higher heats of combustion
like B and Mg increase the maximum temperatures in the
hot zone. It was also seen that the faster the reactions
attain Tmax (Al/CuO/B and Al/CuO/Mg), the more extensive
the temperature fields generated due to the momentum of
the gaseous and condensed phase products, which are
ejected farther from the hot zone. This increased the ther-
mal field effects in the far-field regions significantly and
shifted the inflection points much farther than the slower
moving reactions. Additives like Fe and Mn, produced
lower Tmax and did not react with CuO but showed im-
proved far-field temperatures and farther inflection points
as they were more successful in propagating energy from
the hot region. Reactions generating more gaseous com-
bustion products like Al/PTFE had increased far-field tem-
peratures and thus farther inflection points compared to re-
action that generated less gas like Al/CuO. In addition to
the condensed phase products, it was also seen that the
gases carried the energy from the hot zone effectively into
the far-field. In conclusion, temperature fields are controlled
by the introduction of different additives that optimize spe-
cific energy transport mechanisms such as overall calorific
output coupled with multiphase convection.
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